Abstract-In this paper, the development and characterization of a packaged pressure sensor system suitable for jet engine health monitoring is demonstrated. The sensing system operates from 97 to 117 MHz over a pressure range from 0 to 350 psi and a temperature range from 25 to 500°C. The sensing system consists of a Clapp-type oscillator that is fabricated on an alumina substrate and is comprised of a Cree SiC MESFET, MIM capacitors, a wire-wound inductor, chip resistors and a SiCN capacitive pressure sensor. The pressure sensor is located in the LC tank circuit of the oscillator so that a change in pressure causes a change in capacitance, thus changing the resonant frequency of the sensing system. The chip resistors, wire-wound inductors and MIM capacitors have all been characterized at temperature and operational frequency, and perform with less than 5% variance in electrical performance. The measured capacitive pressure sensing system agrees very well with simulated results. The packaged pressure sensing system is specifically designed to measure the pressure on a jet turbofan engine. The packaged system can be installed by way of borescope plug adaptor fitted to a borescope port exposed to the gas path of a turbofan engine.
INTRODUCTION
The demonstrated utility and economic viability of microsystems technology in applications where silicon-based electronics are well suited to the environmental conditions, such as consumer electronics, healthcare, and telecommunications, has stimulated demand for comparable systems for environmentally demanding applications. Implementations of microsystems in these areas are envisioned to improve efficiency and extend operational lifetime of key components by enabling closed-loop control through the integration with control electronics. Currently, these systems lack the type of on-board control that is possible using microsystems technology due to the extreme operating conditions of system. In situations where sensor-based technologies have been implemented, the sensing part of the system is often offset from the position of interest due to inherent temperature limitations of the electronics, peripheral passive components (capacitors, inductors) and often the sensing elements themselves. Advancements in packaging technologies have not been sufficient to overcome the temperature limitations while maintaining miniaturization, which are ultimately bounded by the temperature stability of the silicon-based electronics. Approaches to locate the temperature-sensitive electronic components to cooler sections of the system have been implemented, but these approaches result in a much larger system, with significantly more wiring, larger packaging and degradation of the transduced signal due to the displacement of the signal conditioning electronics from the sensor. However, significant advances in wide-bandgap (WBG) semiconductor materials such as gallium nitride (GaN), silicon carbide (SiC) and diamond (C) have enabled the development of electronic devices with maximum operating temperatures that are compatible with the high temperatures associated with the aforementioned harsh environment application. SiC electronic device technologies have advanced to the point that it is now feasible to consider the integration of electronics and microsensors into single, miniature packaged systems that can achieve accurate real-time data analysis. Notable harsh environment application areas that would significantly benefit from an infusion of microsystems technologies include: (1) oil and gas exploration/extraction, (2) automotive engine control, and (3) aerospace technologies.
A. Oil and Gas Extraction applications
The oldest and currently the largest users of high-temperature electronics are found in the downhole oil and gas industry. In downhole oil and gas drilling, the operation temperature is a function of underground depth of the well. Worldwide, the typical geothermal gradient is approximately 25°C/km (1°F/70 ft). Recently, drilling operations have seen temperatures as high as 175°C, but declining reserves of easily accessible oil and natural gas, coupled with the advances in oil extraction technology have motivated the industry to seek deeper oil reserves [1] . These reserves are more difficult to discover and extract, necessitating the utilization of advanced sensor technologies. Drilling deeper results in significantly higher operational temperatures that can reach 300°C, a temperature that exceeds the maximum operating limit for most integrated, Si-based microelectromechanical (MEMS). To address this issue, an active phase change cooling technique has been developed, but this approach is limited to situations where the temperatures does not exceed 250°C [2] .
B. Automotive applications
The automotive industry is another area that will benefit from microsystems that are suitable for high temperature operation. For much of its history, control systems in automobiles were based on mechanical, hydraulic and vacuum based devices. However, the industry is rapidly migrating towards electromechanical and mechatronic systems. As such, the ability to locate sensors, signal conditioning, and control electronics close to the heat sources will be an essential requirement [3] . Electronic sensors designed to monitor and maintain on-engine, in-transmission, and on-wheel temperatures will have to operate between 150 and 200°C, which can be achieved using Si-based devices. However, cylinder pressure and exhaust sensors will have to operate reliably at temperatures up to 300°C and 850°C, respectively [4] .
C. Aerospcae Applications
The aerospace industry is replete with opportunities for harsh environment microsystems. Commercial and military aircraft offer many opportunities for electronic sensing systems that can monitor and access health monitoring conditions to ensure aircraft survivability and function reliably above 300°C. Electronic systems that can detect variable changes in emissions, temperature, blade tip clearance and pressure are being developed for aircraft engines and must be able to sustain the harsh conditions, such as vibration, pressure and temperature [5] . Such systems developed for this purpose at NASA include emissions, temperature, blade tip clearance and pressure [5] [6] [7] [8] .
The need for high temperature microsystems is not limited to aeronautical applications. The Venus Exploration Analysis Group (VEXAG) within NASA is assessing the feasibility of sending probes and landers to Venus to determine the atmospheric formation, evolution, and climate history of the planet [8] . Such a mission will expose the probes to atmospheric conditions with temperatures as high as 480°C. Size and weight restrictions prohibit the use of active cooling, distributed components and conventional packaging approaches to shield Si-based electronics from these prohibitively high temperatures. At this point, the leading approach is to utilize electronics, sensors and peripheral components that are fabricated from temperature tolerant materials, with SiC as the leading candidate material.
D. Sensor Develeopment for Aerospcae Applications
This paper will discuss the development of a packaged capacitive pressure sensor system designed specifically to measure pressures in a turbofan engine. The sensor system integrates high temperature SiC-based MESFET electronics and a MEMS-based silicon carbide nitride (SiCN) capacitive pressure sensor into a Clapp-type oscillator circuit that is fabricated on an alumina substrate. The sensor system is packaged in a custom fabricated stainless steel metal housing that is able to pass temperature, pressure and vibration tests at 500°C, 300 psi and 10.6 G rms, respectively.
The packaged pressure sensor system can be installed by way of a borescope plug adaptor fitted to a borescope port to expose the sensor to the gas path of the gas turbofan engine. Potential tests that can be performed using this system include normal engine operation with adjustments to the fan speed both in steady-state and transient.
II. PASSIVE COMPONENT CHARACTERIZATION
The pressure sensor system developed here is based on a Clapp-type oscillator that is composed of resistors, inductors, capacitors, a sensor and a transistor. Even though the sensor and active device are considered critical for this system, the resistors, inductors and capacitors are of equal importance especially because these components also must perform reliably at the same temperatures. Thus, it is imperative that each of the passive components do not compromise the performance of the pressure sensor system over the operational temperature range. Otherwise, the performance of the oscillator can change considerably, if not fail all together. To demonstrate the feasibility of these components, they were individually characterized over the operational temperature range of the pressure system.
A. MIM Capacitors
The Clapp-type oscillator used in this sensor system requires two Metal-Insulating-Metal (MIM) capacitors with a titanate insulator and a titanium/platinum/gold metallization layer on both sides. The titanate insulator has a dielectric constant of 40 and a thickness of 1.016 mm. The MIM capacitors have square areas of 4 and 12.25 mm 2 , which result in capacitances of approximately 14 and 41 pF, respectively. The MIM capacitors as well as the inductors and resistors were characterized on CoorsTek 996 Alumina Superstrate and Ti/Au metallization patterns were used to facilitate the measurement. To verify performance of the capacitors at high temperatures and at the operational frequency range, the capacitors were characterized using three methods. In the first method, the S-parameters were recorded with an network analyzer from room temperature (25°C) to 400°C in steps of 50°C over a frequency range of 10 to 200 MHz. To facilitate the measurement a high temperature probe station, shown Fig.1 , was used. The probe station consists of a ceramic heater on a chuck made of a high temperature insulating tile, a thermocouple and power source. A LabView program is used to control the temperature settings.
Figure1. High temperature probe station.
Ground-signal-ground (GSG) high temperature probes with a 150 μm pitch were calibrated with a short-open-loadthru (SOLT) calibration substrate to ensure accuracy to the probe tips. The calibration was only performed at room temperature, due to the temperature dependence of the calibration substrate The MIM capacitors were epoxied to test fixtures on an alumina substrate, which can be seen in the inset of Fig The modeled S-parameter data shows that the values of the two MIM capacitors changes by approximately 2% from 25 to 400°C. RS LQFUHDVHV E\ DSSUR[LPDWHO\ , which may be due the inability to calibrate out the additional loss of the probes as they approach 400°C. The shunt parasitic capacitances, C1 and C2, and the parasitic series inductance, Ls, are negligible for both the 14 and the 41 pF MIM capacitors.
The second method used to characterize the MIM capacitors involved a semiconductor device analyzer (SDA) and high temperature probe station. The GSG probes were replaced with DC needle probes, enabling the temperature range to be extended to 500°C. The measurements were recorded from 25 to 500°C in steps of 50°C. A calibration that consisted of a phase compensation to account for the port extension and an open and short was performed to set the reference plane at the probe tips. The measurements were taken at 9.950, 9.975, 1, 1.025 and 1.050 MHz and the average value was recorded. The results are shown in Fig.5 . The 14 and 41 pF MIM capacitors change by approximately 2 -3% from 25 to 400°C and up to 5 % from 400°C to 500°C. Furthermore, the conductance was measured and found to be negligible up to 400°C and then roVH WR QR PRUH WKDQ ȝ6 IRU ERWK WKH DQG 41 pF capacitors at 500°C. It is not evident if the degradation in electrical performance was due to the temperature dependence of the material or probe contacts beginning to degrade due to the extreme environment. Lastly, the MIM capacitors were measured using a fourpoint probing technique on an impedance analyzer from 40 Hz to 110 MHz at room temperature to determine if they are able to operate at the desired frequency range. It is vital to ensure that the passive components do not have a selfresonant frequency (SRF) near the operating frequency range of the sensing system. A calibration was performed, consisting of a phase compensation to account for the port extension, and an open, short and load to set the reference plane at the probe tips. The measured data is shown in Fig. 6 . 
B. Wirewound Chip Inductors
The Clapp-type oscillator design also requires one 390 nH inductor, located in the LC resonate tank circuit of the device. This inductor is in series with the capacitive pressure sensor, which dictates the resonant frequency of the sensing system. The inductor used in this sensing system is a Johanson 390 nH wirewound inductor, with dimensions of 2 x 1.2 x 1.2 mm 3 (l x w x t). As with the MIM capacitors, three methods are used to validate the response of the inductor over the desired frequency and temperature ranges.
The S-parameters of the 390 nH inductor were measured in the same manner on the PNA as the capacitors. The circuit model used is shown in Fig. 7 . The model consists of a series inductor and resistor and two capacitors in shunt. The S-parameters were optimized against the circuit model in ADS and the gradient optimizer is used in all the simulations. The optimization method results were just as accurate as with the MIM capacitors resulting in close agreement between the S11 and S21 measured and optimized modeled traces. The values for all the circuit model components are shown in Table 3 . Just as with the capacitor model components, this method results in frequency independent component values. The value of the inductor, LS, increased by 3% from 25 to 400°C, demonstrating that the inductor is viable through this temperature range. However, the series resistance, RS, increases from 4.02 to IURP WR &, which is an increase of 53%. Furthermore, RS increased by nearly 100% from 200 to 400°C, thus indicating that the material composition of the inductor is beginning to deteriorate and degrade its electrical performance. Shortly after 400°C, the inductor fails, and if taken up to 500°C, the physical damage is irreversible.
The inductors were also characterized on the SDA. The inductors were only characterized through 400°C due to the realization that the wirewound inductors would begin to fail above this temperature. The results are shown in Fig. 8 . The inductance of the wirewound inductor changes from 408 to 417 nH from 25 to 400°C, roughly 2.5%, over this temperature range.
The series resistance was also characterized from 25 to 400°C at 1 MHz. Just as with the inductor characterization with the optimization modeling, the series parasitic resistance is fairly linear up to 300°C and then starts increase rapidly to 400°C, indicating that the component is probably reaching its maximum operating temperature. Figure 9 . Series parasitic resistance characterized from 25 to 400°C at 1 MHz.
Finally, to determine the inductor performance over the operational frequency range of the sensing system, the inductor was characterized on the impedance analyzer from 40 to 110 MHz at room temperature, and the results are shown in Fig. 10 . Again, at approximately 75 to 90 MHz the measurement is inaccurate due to an error in the calibration routine. However, from 90 to 110 MHz the calibration recovered and from the data trace it is evident that the inductor is operational over the design frequency range from 97 to 117 MHz. 
C. Thick Film Chip Resistors
A N LV UHVLVWRU LV XVHG in the DC bias circuit of the gate side of the SiC Cree MESFET to simplify and reduce the overall size, while maintaining the ability to prevent RF from leaking back into the gate power supply. Since the gate of the FET requires no current, only RF blocking is required and the 10 N resistor is sufficiently large. The 10 N thick film chip resistor is from MiniSytems Inc. with dimensions of 1.118 x 0.559 x 0.330 mm 3 (l x w x t). The resistor has a voltage and power rating of 40 V and 0.04 W, respectively.
The resistance equivalent circuit model used to optimize against the measured S-parameters of the resistor is the same circuit model used for the wirewound inductor shown in Fig.  7 . The S-parameters were optimized from 10 to 200 MHz, and the gradient optimizer was used for all simulation. The results in Table 4 show that the change in resistance from 25 to 400°C is negligible. Also, the parasitics LS, C1, and C2 are negligible as well.
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Next, the resistor was characterized from 25 to 500°C with a 6 ½ digit multimeter, DC needle probes, and the high temperature probe station. The results are shown in Fig. 10 . At 25°C, the resistance is N DQG DW & WKH UHVLVWDQFH is N, which is a 6% increase in resistance over the entire temperature range. Furthermore when the resistor is cooled to room temperature the resistance goes back to its RULJLQDO YDOXH RI N LQGLFDWLQJ WKDW WKLV UHVLVWRU LV ZHOO suited for circuits and systems that operate up to 500°C. Fig. 11 . The sensor is fabricated from SiCN which is a high temperature material synthesized by thermal decomposition of polymeric precursors that possesses excellent mechanical properties, tunable electric properties and superior oxidation/corrosion resistance at temperatures up to 1600°C [10, 11, 12, 13] . The sensor and gold metal feed lines are fabricated on a high purity alumina substrate. One electrode of the capacitive sensor is fabricated on the deflecting chamber membrane that forms a sealed cavity, and the second electrode is on the fixed alumina substrate. The sealed cavity is flip-chip bonded onto the alumina substrate with gold contacts such that the two electrodes form a parallel plate capacitor. Thus, as pressure increases the membrane is flexed up into the sealed cavity causing the capacitance of the pressure sensor to decrease. The pressure sensor was characterized with the SDA, as was used for the passive components, and a high temperature/pressure chamber (HTPC), shown in Fig. 12 . The HTPC is capable of operating up to 500°C and pressures up to 100 psi. The chamber is equipped with a 125 mm diameter quartz sight glass for signal transmission, a ceramic heater, and thermocouples located throughout the chamber to ensure accurate temperature readings. The SDA was calibrated to the leads of the pressure sensor inside the HTPC at room temperature to remove the effects of the chamber and cabling. The pressure sensor capacitance was measured at 1 MHz from 0 to 100 psi at 25°C, and the results are shown in Fig. 13 . Over the pressure range, the capacitance changes linearly from 3.84 to 3.3 pF, which is a ǻC of 0.54 pF. Furthermore, the pressure sensor maintains a linear response from room temperature to 500°C, over the 100 psi pressure range [8] . 
IV. PRESSURE SENSOR SYSTEM DESIGN
The sensor system, shown schematically in Fig. 15 , consists of a Clapp-type oscillator with a MEMS capacitive pressure sensor located in the LC tank circuit of the device. The Clapp-type oscillator design in this system requires one inductor (LT), three capacitors (CT, C1 and C2) and one MESFET. DC bias circuitry is added at the gate and drain inputs and consist of a series 10 kȍ UHVLVWRU RQ WKH JDWH DQG two 90 pF MIM capacitors in shunt and a 390 nH wirewound inductor on the drain, as seen in Fig, 15 . The Clapp-type oscillator design was selected because it requires significantly fewer passive components than other oscillator designs. Under conditions characteristic of a gas turbine engine (i.e., high temperature and high vibration), fewer environmentally sensitive components reduces the probability of failure.
Moreover, because it requires fewer components, the Clapp-type design can be made into systems of smaller form factor, enabling deployment in confined locations. Another advantage of the Clapp oscillator design is that the inductor (LT) and capacitive pressure sensor (CT) are in series, where CT is used to set the operational frequency range, while C1 and C2 is used to control the gain conditions. This arrangement improves the frequency stability of the circuit, making the Clapp oscillator a better option than other oscillator designs. The pressure sensor system was designed with Keysight's ADS circuit simulator. A model of the Cree SiC MESFET is used in all simulations. The model was developed by Cree and Agilent (now Keysight) and accurately represents the transistor characteristics. The values for CT, LT, C1, C2, RG, LD and CD are 3.84 pF, 780 nH, 14 pF, 41 pF, 10 N, 390 nH and 188 pF, respectively. The two main criteria for an oscillator to achieve oscillation at the operating frequency are (1) the phase of the device is around 0° and (2) the loop gain is close to unity [14] . The simulated S-parameters are shown in Fig. 16 and 17 . The S-parameters show that the phase is 0° and the closed-loop gain is greater than unity at an operating frequency of 97 MHz. To simulate the response of the pressure sensor system, the capacitance of the sensor, CT, is decreased and therefore the resonant frequency of the system increases. As the pressure increases from 0 to 100 psi, the frequency of the pressure sensor system increases from 97 to 103 MHz, which is an increase of 6 %. To capture this response, a harmonic balance simulation was performed and the results are shown in Fig. 18 The pressure sensor system was characterized in a three-inch tube furnace. To enable pressure sensing at temperature, a custom in-house fixture was developed and is shown in Fig.  21 . The packaged sensor was attached to a test fixture via Swagelok fitting so the system could be pressurized and placed in the three-inch tube furnace. A thermocouple is positioned inside the test fixture to report the temperature at the tip of the pressure sensor system, which would be located on the outer housing of the jet engine. Another thermocouple was placed on the outside of sleeve to determine the temperature closer to the electronics on the alumina substrate. The packaged pressure sensor was characterized with a spectrum analyzer at room temperature at 0, 100, 200, 300 and 350 psi and the results are shown in Fig. 22 . -3 pF/psi from 0 to 300 psi, but from 300 to 350 psi the slope decreases to 2.6 x 10 -3 pF/psi, suggesting that the capacitive pressure is operating out of its linear region. Thus, a second order linear regression model is better suited for the entire pressure range. The pressure as a function of frequency for the packaged pressure sensor system is shown in Fig. 24 . The response is very linear over the operational pressure and frequency range. The packaged pressure sensor was attached to the test fixture and placed in the 3 inch tube furnace as shown in Fig.  25 . To emulate the test conditions on an actual jet turbofan engine, the packaged pressure sensor system was heated to over 500°C and the pressure was increased from 0 to over 300 psi. The frequency response of the sensor under these testing conditions is shown in Fig 26. However, the temperature recorded on the sleeve of the metal sensor packaging was approximately 400°C, which more indicative of the temperature of the electronics. To achieve oscillation the pressure sensor system is biased with -9 V on the gate, 8 V on the drain and a drain current of 100 mA. The pressure sensor system at 540°C has a frequency shift from 96.3 to 117.8 MHz from 0 to 320 psi, which is a 20% change in resonant frequency. This relates to a sensor system sensitivity ǻIǻ3 MHz/psi) of 6.8 %. It also worth mentioning that the resonant frequency of the sensor system at room temperature and 540°C (~400°C at the sleeve) is nearly the same (less than 1%), indicating that the sensor system, specifically the electronics and pressure sensor, are highly independent of temperature. Structural dynamic tests were performed to demonstrate performance relative to the expected vibration environment when affixed to a turbo fan engine. The test consists of a sine wave sweep and random vibration, with a maximum vibration of 5.3 G rms. The tests were performed on the x-, y-and z-axis. The packaged pressure sensor system was attached to a plate on the vibration table with a sensor interface adaptor (just as it would be if attached to the turbofan engine) on the vibration table, and is shown in Fig. 27 . The resonant frequency was recorded at the beginning and end of each axis test. No change in resonant frequency was observed for the three axes. The sensor was again measured at temperature and pressure to verify it was still operating properly, and the frequency response is shown in Fig 28 . 
VI. CONCLUSION
A packaged pressure sensor system suitable for jet turbofan engine health monitoring has been developed. The sensor system has been characterized under relevant environmental conditions of pressure, temperature and vibration. The MEMS capacitive pressure sensor exhibited a linear response from 0 to 300 psi with a slope of 5.2 x 10 -3 pF/psi. However, from 300 to 350 psi the slope decreases to 2.6 x 10 -3 pF/psi, suggesting that the capacitive pressure is operating out of its linear region. The Packaged sensor system shows negligible change in frequency response at 25 and 540°C (~400°C at the sleeve) over the pressure range of 0 to 320 psi indicating that the system is not temperature dependent. The packaged system has a 20% change in resonate frequency from 97 to 117 MHz over the pressure range of 0 to 320 psi and the sensing system has a sensitivity of 6.8 % over the operational pressure and frequency range. The packaged system can be installed via borescope plug adaptor fitted to a borescope port exposed to the gas path of a turbofan engine so it can monitor the health of jet aircraft engines.
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